The association between antimicrobial consumption and resistance in nonfermentative Gram-negative bacteria is well-known. Antimicrobial restriction, implemented in clinical routines by antibiotic stewardship programs (ASPs), is considered a means to reduce resistance rates. Whether and how antimicrobial restriction can accomplish this goal is still unknown though. This leads to an element of uncertainty when designing strategies for ASPs. From January 2002 until December 2011, an observational study was performed at the University Hospital Tübingen, Tübingen, Germany, to investigate the association between antimicrobial use and resistance rates in Pseudomonas aeruginosa. Transfer function models were used to determine such associations and to simulate antimicrobial restriction strategies. Various positive associations between antimicrobial consumption and resistance were observed in our setting. Surprisingly, impact estimations of different antimicrobial restriction strategies revealed relatively low intervention expenses to effectively attenuate the observed increase in resistance. For example, a simulated intervention of an annual 4% reduction in the use of meropenem over 3 years from 2009 until 2011 yielded a 62.5% attenuation (95% confidence interval, 15% to 110%) in the rising trend of multidrug-resistant Pseudomonas aeruginosa (three-and four-classresistant P. aeruginosa [34MRGN-PA]). Time series analysis models derived from past data may be a tool to predict the outcome of antimicrobial restriction strategies, and could be used to design ASPs.
P
seudomonas aeruginosa is an important opportunist associated with a broad spectrum of nosocomial infections in humans (1) . Antimicrobial resistance among isolates is regarded as a major problem worldwide with increasing trends reported in several countries (2) (3) (4) (5) (6) . Previous studies suggested a link between antimicrobial consumption and resistance in nonfermentative Gramnegative bacteria but yielded a range of diverse results (4, 5, 7, 8) .
The different methodologies used are one likely reason for this diversity. A number of studies investigated whether a patient colonized or infected with a resistant isolate had previously been exposed to particular antimicrobial agents (mostly case control or case case control design) (9) (10) (11) (12) . Others cross-correlated the prescription rate of antimicrobials with the incidence of a certain resistance type, usually in a hospital-wide setting (3, 5, 8) . Unlike such conservative approaches, time series analysis provides methods that can account for autocorrelation. Without these methods, any cross-correlation between two time series can be severely biased (13) . One practical technique is the construction of autoregressive integrated moving average (ARIMA) models as described by Box and Jenkins (14) . These models aim to describe the nature of a time series variable with the aid of past values (autoregression) and the weighted average of past random shocks (moving average). Such functions are used in several fields including medical specialties (15, 16) . To explore the relationship between two or more time series, an extension of the method called a transfer function can be applied (14) . Univariate transfer function models have previously been used to determine the relationship between antimicrobial use and resistance rate (17, 18) .
The association between antimicrobial use and resistance rate in P. aeruginosa at the University Hospital of Tübingen, Tübingen, Germany, was investigated here by using multivariate transfer function models. Calculated parameter estimates provided a measure of the extent and direction of the observed association and were subsequently applied to quantify the impact of individual restriction strategies for each antibiotic significantly and positively associated with resistance rate. Additionally, the scale of such an effect was estimated and is thought to provide the foundation for future strategies employed in antibiotic stewardship programs (ASPs).
MATERIALS AND METHODS
Setting. University Hospital of Tübingen is a 1,513-bed tertiary care teaching hospital affiliated with the Eberhard Karls University, Tübingen, Germany. The hospital provides various medical and surgical specialties, a pediatric unit, maternity ward, and dialysis unit. Organ transplantations, including bone marrow, are performed at the hospital.
Study design and data. An observational study was conducted from 1 January 2002 until 31 December 2011. Data were obtained from all clinical departments except for psychiatric wards. Hospital inpatient days for each participating department were obtained from the hospital's administrative records and used as the denominator for every quarter. Antibiotic prescription data were gathered from the electronic pharmacy information system and converted into defined daily doses per 1,000 inpatient days according to the 2012 World Health Organization (WHO) anatomical therapeutic chemical (ATC) classification system (19) . The antimicrobial agents tracked and investigated included carbapenems (meropenem and imipenem), cephalosporins (cefuroxime, cefotaxime, ceftriaxone, ceftazidime, and cefepime), aminoglycosides (gentamicin, tobramycin, and amikacin), fluoroquinolones (ciprofloxacin and levofloxacin) and beta-lactam/inhibitor combinations (ampicillin-sulbactam, amoxicillin-clavulanate, and piperacillin-tazobactam).
All in vitro bacterial susceptibility testing of P. aeruginosa isolates was predominantly performed on a Vitek 2 system (bioMérieux, Marcy l'Etoile, France), supplemented by disk susceptibility testing. MICs and zone diameters were interpreted following CLSI breakpoints (20) . Carbapenem-resistant isolates were confirmed by the Etest method (bioMérieux, Marcy l'Etoile, France). Microbiological data were extracted from the laboratory information system using Hybase software (Tieto GmbH, Eschborn, Germany). Multidrug resistance (MDR) and extensive drug resistance (XDR) for isolates were defined referring to the European Centre for Disease Prevention and Control (ECDC)/CDC classification system (21) . MDR isolates of P. aeruginosa were not susceptible to Ն1 agent in Ն3 of the following antimicrobial agent categories: aminoglycosides, antipseudomonal carbapenems, antipseudomonal cephalosporins, antipseudomonal quinolones, antipseudomonal penicillins and beta-lactamase inhibitors, monobactams, phosphonic acids, and polymyxins. XDR isolates of P. aeruginosa were not susceptible to Ն1 agent in all but Յ2 of the same antimicrobial categories mentioned above. These definitions are primarily used for epidemiological purposes. For this reason, we decided to employ a more clinically relevant classification of multidrug resistance (three-and four-class resistance [34MRGN]), defined as resistance to at least three of the following antimicrobial agents: piperacillin-tazobactam, ceftazidime, meropenem, and ciprofloxacin (22) . Isolates from the same patient were counted only once for multidrug-resistant phenotypes. Intermediately susceptible isolates were considered resistant. Since the total number of isolates per 10,000 inpatient days fluctuated strongly in consecutive quarters, we abandoned the use of rates, and resistance was defined as the percentage of total isolates that were not susceptible to a single antimicrobial agent or a combination of antimicrobial agents. A total minimum of at least 50 isolates per time unit was required, because otherwise resistance could not be considered a representative value. All time units of the study episode were included in the analysis.
Statistical analysis. Initially, the trend over time was analyzed by linear regression for each series of antimicrobial use and resistance. To explore and quantify the effect of antimicrobial use on resistance, transfer function models were constructed. Antimicrobial resistance was defined as the output series AR(t) whereas antimicrobial consumption was the input variable AC(t) which was assumed to be a potential cause of the output series. An additive noise term NT that follows a stationary autoregressive-moving average process and is independent of the input series was integrated when existent. Quarterly time lags of antimicrobial consumption of up to 1 year were applied to the antimicrobial resistance series.
To avoid multiple testing, an initial screening was used to find promising candidates of AC(t). Therefore, cross-correlation of AR(t) and AC(t) was performed at lags of up to 1 year. A candidate was deemed suitable for further testing if the correlation coefficient was significantly different from zero (based on 2.5 standard error limits). Additionally, to take autocorrelation into account, a prewhitening process was performed. ARIMA models were constructed for any time series of antimicrobial use and resistance. Stationarity was tested by using the Dickey-Fuller and Phillips-Perron test. Autocorrelation and partial autocorrelation function plots (ACF and PACF, respectively) were employed to identify the order of an ARIMA model. Subsequently, the parameters of the identified model were estimated by an unconditional maximum likelihood approach. An ARIMA model was accepted if residuals corresponded to a white noise process which was examined with Bartlett's periodogrambased test. After applying the ARIMA filter of the input series on the output series, the residual of both series were cross-correlated (23) . Candidate identification was attained as with simple cross-correlation.
Selected candidates of AC(t) were integrated into transfer function (TF) models. To adjust for multiple hypothesis testing due to more than one suitable candidate, we used Bonferroni's correction (24) . The Bayesian information criterion (BIC) and the mean squared error (MSE) were computed as diagnostic checks. All observed associations having a significant parameter estimate were further tested for a potential causal relationship. Causality was considered possible when past or present values of the input series AC(t) would help to predict the output series AR(t) better than past values of the output series alone, following the concept of Wiener-Granger causality. This required the BIC and MSE of the TF model to be improved to any degree and by at least 10%, respectively, compared with the BIC and MSE of the output series ARIMA model. Only associations that fulfilled these criteria were considered for further exploration in multivariate TM models.
Suitable input variables were included in one multivariate TM model. A multivariate model was accepted if it complied with the criteria mentioned for univariate models. Potential interventions like restriction of antimicrobial use were subsequently tested. To estimate the minimum intervention expense that would be needed to have an effect on AR(t), all AC(t) input series significant in multivariate models were altered to simulate an intervention. The minimum intervention tested was a cessation of further increase in antimicrobial usage for a certain antibiotic. Therefore, drug consumption between the beginning of 2009 and end of 2011 was kept identical to the level of 2008 (0% reduction). An increasing degree of restriction was further tested by reducing antimicrobial usage annually over this 3-year period. For instance, an intervention of 1% reduction means that in 2009 the level of consumption equaled the level of 2008 minus 1%. In 2010 and 2011, a further reduction of 1% each was simulated. Ascending restriction levels were modeled. An altered input time series was exchanged with the original series within the identified TF model, and predicted values of the manipulated and nonmanipulated TF model were calculated. Trends over the course of intervention were computed for both predicted output time series using linear regression. Changes in trends after simulated intervention were visualized by generating the alpha factor. This was done as follows: ␣ ϭ (␦o Ϫ ␦i)/␦o. The alpha factor is used to interpret the impact of a simulated intervention where ␦o is the trend of the predicted series with unaltered input variables and ␦i is the trend of the predicted series with altered input variables. For all trend directions, alpha was interpreted as follows: ␣ Ͻ 0 constitutes an enhanced trend, ␣ ϭ 0 constitutes a steady trend, 0 Ͻ ␣ Ͻ 1 constitutes trend attenuation, ␣ ϭ 1 constitutes trend neutralization, and ␣ Ͼ 1 constitutes trend inversion. Calculation was not performed in the absence of a significant trend in the AR(t) output series. An intervention was rated as effective when alpha showed a desired trend alteration and when its 95% confidence interval did not include zero. Importantly, computing alpha was performed only when ␦o lay within the 95% confidence interval of the observed time series trend to ensure an appropriate prediction by the model. All analyses were made by using Stata version 12.0 (Stat Corp., College Station, TX). A P of Ͻ0.05 (two sided) was regarded as statistically significant.
RESULTS

Antimicrobial drug use.
Trend analysis of overall antibiotic prescription over 10 years is presented in Table 1 . Most antimicrobial agents tracked revealed a significant gradual increase in consumption. Imipenem and the aminoglycoside group did not significantly increase over 10 years (P ϭ 0.48 and P ϭ 0.72, respectively), while gentamicin alone and ampicillin-sulbactam exhibited a negative trend. The overall antimicrobial consumption showed an increase (P Ͻ 0.001) with a median use of 392.8 defined daily doses (DDD)/1,000 inpatient days per quarter.
Antimicrobial resistance. A total number of 5,157 isolates of P. aeruginosa were recovered from patients and tested. The incidences of multidrug-resistant P. aeruginosa (MDR-PA), extensively drug-resistant P. aeruginosa (XDR-PA), and three-and four-class-resistant P. aeruginosa (34MRGN-PA) increased dra-matically over time (Table 2 and Fig. 1) , with a remarkable rise in XDR-PA as indicated by a positive gradient in the XDR-PA/ MDR-PA ratio (0.92; P Ͻ 0.001). Table 3 presents the trend and average resistance rate when resistance to a single agent was observed over the study period. High average resistance rates in P. aeruginosa isolates were seen for ciprofloxacin and levofloxacin (21.9% and 25.35%, respectively), attended by a significant positive trend (P Ͻ 0.001). However, resistance to piperacillin or piperacillin-tazobactam remains low (9.4% and 7.2%, respectively) with no evidence of any particular trend.
Univariate association of antimicrobial consumption with resistance. In univariate analysis, the consumption of any antimicrobial agent tracked was investigated for an association with incidence of defined resistant types. While incidence of MDR-PA was not associated with antimicrobial use of any antibiotic tracked (data not shown), XDR-PA incidence was positively associated with the rising consumption of expanded-spectrum cephalosporins (ESC), cefepime, cephalosporins, and amoxicillin-clavulanate at zero time lag (Table 4) . Association of 34MRGN-PA incidence and rising consumption of meropenem, piperacillintazobactam, ceftriaxone, ESC, cefepime, and cephalosporins was observed at different time lags.
Multivariate association of antimicrobial consumption with resistance. Two multivariate models were generated for the association between 34MRGN-PA and antimicrobial consumption (Table 5 ). After correction for the effect of all antibiotics within model 1, 34MRGN-PA incidence was significantly associated with the use of meropenem (P ϭ 0.03). After the inclusion of cefepime as an additional input series, no significant association was observed (model 2). However, since the parameter estimate of meropenem use is still close to significance (P ϭ 0.086), we considered meropenem use as independently and positively associated with 34MRGN-PA incidence. Subsequently, the alpha values were calculated for both models, simulating the intervention of an annual 0% reduction in meropenem consumption from 2009 onwards but keeping the 2008 level over the following 3 years constant (␣ 0 ), and the intervention of an annual 4% reduction. Intervention of an annual 4% reduction in meropenem use, trend lines, predicted series, and the observed incidence of 34MRGN-PA for model 2 are shown in Fig. 2 . The graphical analysis shows an almost complete trend match of both the observed and the noninterventional predicted time series of 34MRGN-PA incidence, indicating a fine prediction by our model. Table 5 shows two multivariate models that investigate the association between XDR-PA and antimicrobial consumption. Both models exhibit a significant association with cephalosporins but not amoxicillin-clavulanate use. An intervention simulation of an annual 10% reduction of ESC or 4% reduction of all cephalosporins resulted in alpha values of 0.56 and 0.65, respectively.
For all tracked antimicrobial agents and groups, all potential associations between the incidence of isolates resistant to a specific antibiotic and antimicrobial use were investigated. Significant results are presented in the supplemental material (see Table S1 in the supplemental material).
DISCUSSION
The present study demonstrated significant associations between antimicrobial consumption and incidence of resistance among P. aeruginosa in a tertiary care hospital. A sharp rise in resistance was noted, which was particularly alarming for XDR-PA, which grew by about 1% per quarter within the MDR-PA group. In multivariate transfer function models, the incidence of 34MRGN-PA was strongly and independently associated with meropenem but no other antimicrobial use. Although different analytical tools and definitions of resistant phenotypes were used, our results are in line with previous studies, indicating that group 2 carbapenems cause relevant selection pressure on resistant P. aeruginosa (17, 25) . For the first time, simulating the intervention of antimicrobial decrease with the help of transfer function models was attempted. Our results indicate that preventing a further increase in meropenem consumption from 2009 onwards (0% reduction) could have attenuated the current incidence trend of 34MRGN-PA by 62% or 50% (model 1 or model 2, respectively) per the best ␣ 0 estimates (Table 5 ). Because zero is not included in the 95% confidence interval, the intervention was considered likely effective. However, the second model reveals a 95% confidence interval range close to zero. We would therefore propose a strategy with an additional reduction of meropenem consumption to improve this safety gap. An annual 4% reduction over 3 years revealed alpha values of 78% and 62.5% (model 1 and model 2, respectively) with a safety gap of at least 15%, and would thus be a desirable goal in ASPs. Surprisingly, this amount of meropenem reduction needed for an effective impact on 34MRGN-PA incidence is relatively small. In two reports, implementation of ASPs resulted in a 54% to 97% decrease of the targeted antimicrobial agents over a study period of 3 to 5 years (26, 27) . According to our results, such intensive restriction may not be necessary in all cases, especially as countereffects could be a consequence. The 80.1% hospital-wide reduction in cephalosporin use in one study went along with a 44% reduction in the incidence of cephalosporin-resistant Klebsiella spp. but also with a concomitant increase in the use of imipenem and a subsequent 68.7% increase in the incidence of imipenem-resistant P. aeruginosa infections (28) . To prevent such countereffects, minor restrictions over longer time periods could be an alternative procedure.
The incidence of XDR-PA was associated with the use of ESC and all cephalosporins in multivariate models. In alpha modeling, maintaining the 2008 consumption level of ESC for the following 3 years could attenuate the incidence trend of XDR-PA by 23% (Table 5 ). However, due to a 95% confidence interval which includes an alpha value of zero, stopping the increase in ESC consumption without further reduction did not turn out to be a safe strategy. As an alternative, decreasing the annual consumption by 10% achieves more promising results and attenuated the trend by 56% with a safety gap of 16%. Interestingly, variations in carbapenem use had no measurable impact on the XDR-PA incidence, though all of these isolates were meropenem resistant. A possible reason might be the circulation of only a limited number of XDR-PA clones in our hospital (data not shown), suggesting a degree of nosocomial transmissions that could not be taken into account in this analysis. No influence of any antimicrobial use on the incidence of MDR-PA was observed, most likely due to the wide definition of multidrug resistance and different phenotypes within this group. Our study is marked by limitations that result mainly from the imperfect nature of any model that tries to be an appropriate mirror of reality. The lack of reliable surrogate markers for other factors that contribute to the incidence of multidrug-resistant pathogens can result in incomplete models. An appropriate safety gap that excludes an alpha value of zero within the 95% confidence intervals is thus advisable. Additionally, direct comparison of alpha values when using the same intervention is an issue. Even if an antimicrobial agent had a superior alpha value over another does not necessarily mean that such an agent would be the better choice for targeting in ASPs. For example, an annual 4% reduction of different antimicrobial agents could demand different efforts, depending on the setting, and needs to be discussed to find the optimal strategy. Finally, this approach cannot clarify how a restriction should be established and implemented into clinical routines. This will largely depend on the local situation and resources.
Despite such constraints, transfer function modeling provides a measure of the extent of intervention effects, and thus we propose the following course of actions when planning strategies for ASPs. (i) Antimicrobial consumption data and resistance patterns should be analyzed, and the most alarming pathogens that need to be targeted should be identified. (ii) The association between antimicrobial resistance and consumption should be determined by employing time series analysis within the local setting. (iii) The minimal level of restriction needed for an intervention to be potentially effective can be estimated from modeling ascending restriction levels and the calculation of alpha values.
Taken together, multivariate transfer function models can be helpful when planning restriction strategies for ASPs to fight current trends in resistance development. Such models could suggest which antimicrobial agent a restriction strategy should primarily focus on. Interventions that were considered effective in our models were surprisingly low demanding and induced promising trend attenuations which could lower patient morbidity and hospital costs.
